Typical magnesium electrolytes such as Dow, I.G., and present electrolytes with additives of sodium chloride, potassium chloride, and calcium chloride have been studied for determining the density and electrical conductivity.
I. Introduction
A great deal of efforts have been made in Japan over the past ten years to establish the extractive metallurgy of magnesium.
A historical review of the magnesium metallurgy in Japan would suggest that the trend of either the thermal or the electrolysis process might be dependent upon the domestic circumstances of the consumption of the primary magnesium.
Although there have been numerous works on the thermal production of magnesium, a little has been accomplished on the study of the electrolysis of magnesium in substantially evaluating the domestic consumption of magnesium and the economical feature of the electrolysis process.
While significant expansion of the titanium industry in Japan has taken place since world War II, there has been established the only new magnesium plant which uses the thermal process to produce the primary magnesium of essential purity for the demand of the titanium industry. In the present status nearly forty per cent of primary magnesium is consumed by the titanium industry. Consequently, the byproduct of magnesium chloride is treated by the electrolysis process for recovering magnesium metal.
On the other hand, the production and consumption of magnesium are now out of balance owing to the development of the aluminium industry.
In the above aspects the present work concerning the electrolysis of magnesium was performed to determine the essential properties of the electrolytes such as the density and the electrical conductivity of the economically competitive Dow and LG. electrolytes. The authors also examined the respective electrolytes composed of magnesium chloride, sodium chloride, and calcium chloride.
Measurements and estimations of characteristics of these electrolytes are found in the literature (6) , though uncertain and not precise. Therefore, the present work was undertaken to obtain the highest possible accuracy by developed devices. ponent in the Dow electrolyte, is negligible. The comparison between the Dow and present electrolytes is given in Fig.1-b . The difference is obvious in the comparison of calcium chloride. In the LG. electrolyte, the potassium chloride content is much greater than that in the Dow electrolyte. Assuming that the total amount of sodium and potassium chlorides is equal to that of sodium chloride, the constituent of the I. G. electrolyte is presented in Fig.1 
Thus, it is found that the I. G. electrolyte is also characterized by the greater addition of calcium chloride.
Density measurement
The density was measured by the Archimedean method(3). The spindle-like sinker was made of fused quartz tube 17mm in O.D.. It contained a suitable quantity of nickel shot which produced, a preferable density of sinker. A sinker with the density about 3 gm/cm3 and the weight of about 18 grams was prepared and determined accurately by the standard solution. The thermal expansion of the fused quartz was negligibly small and the corrosion by the electrolyte was not obvious within the accuracy in determining the density. 200 grams of the electrolyte in the fused quartz beaker was used for a run in argon atmosphere. The quartz beaker in the fused alumina tube with radiation buffles was set on the arm on the flexible stand which was sealed off by O ring on the bottom of 24 Cr 12 Ni steel tube 100 mm in O. D. and 800mm in length. On the top of the steel tube a cap was jointed with the bottom of the automatic chemical balance.
After evacuating the measuring assembly, the upstream of argon was introduced at a rate of 50cm3/min from the one end of the arm on the flexible stand. When the electrolyte was melted down, the container of melt was set on the uniform temperature zone in the furnace where the sinker was originally hung by the Pt-Rh string.
The fused quartz thermocouple protection tube was directly inserted in the electrolyte beaker. The temperature was measured by the alumel-chromel thermocouple with a precision potentiometer. In an adequate uniform temperature zone, the convection and the segregation of the electrolyte were not objective. The proportional temperature controller was used to maintain a constant temperature and 90% of the current was passed during the off time. Thus, the temperature of the electrolyte The assembly of the measuring device and apparatus is shown in detail elsewhere (4) except the developed vacuum technique.
(1) Results According to Table 1 , the densities of various electrolytes versus temperature were determined in the tem- Fig 
Electrical conductivity measurement
(1) Measuring device The AC bridge method(3) was used for measuring the electrical conductivity. 1kc frequency was selected as the source of the input signal in which the oscilography was used to detect the null point through the audioamplifier circuit. Some developed devices for this purpose in the present experiment will be illustrated in the forthcoming report. The total resistance including the line and platinum lead of electrodes was calibrated in the blank test. The heating furnace of the electrolyte was designed to minimize the effect of inductivity from the heating element. Therefore, the effect of this source on lines of electrical circuit was considerably eliminated.
(2) Design of the conductivity cell and the cell constant
It is generally known that the conductivity of fused salts are considerably higher than those of aqueous solutions. From this point of view it is generally known that the development of accuracy is so difficult that the results obtained are sometimes elusive in obtaining the relationship between temperature and conductivity. Fig.3 shows the design and the assembly of the conductivity cell. The electrolyte maintained in the melting chamber on one side of the arm is poured into the capillary part in argon atmosphere. Another side of the arm on the electrode supporting tube is connected to an overflow container in which the overflow electrolyte is maintained after sampling. The procedure is based on the pressure difference between both electrode supporting tubes by the devices of evacuation and argon inlet.
The dimension of the cell can be illustrated as follows: The capillary tube 1.5 to 2mm in I. D. and about 150 mm in total length was used. Both ends of the capillary tube were connected to the supporting tube of platinum electrodes with platinum wires. The dimension of platinum electrodes was 10mm in O. D. and 1mm in thickness. The stationary positioning of the electrodes was at the distance of 3mm from one end of the capillary part to the electrode. Thus, the cell constant obtained was greater than that of 300cm-1 which was sufficient to detect the effect of temperature on the electrical conductivity of electrolyte. The temperature dependence of the cell constant was negligible, and did not exceed the total error of 0.15% during the meas-urement.
As the standard solution in determining the cell constant in a wide range of temperature, pure fused potassium chloride was chosen using the data of van Artsdalen and Yaffe(5). Electrical conductivity of magnesium electrolyte versus temperature.
(3) Results According to the electrolyte composition which is shown in Table 1 , the electrical conductivity versus temperature relationship is shown in Fig.4 , which is of the positive deviation. The empirical function of the electrical conductivity with temperature suggested by many workers has been summed up. The calculated values on the basis Fig.4 are presented in Table 3 . trical conductivity is that of NaCl, followed by KCl and CaCl2 in the order of magnitude.
The temperature dependence of the conductivity of CaCl2 is a little different from KCl in the order of magnitude at low temperature.
In these results the electrical conductivity is considerably dependent upon the transport of cation without any associated state or complex formation except in the case of MgCl2(10) (11) .
It is known that MgCl2 shows the lowest electrical conductivity for the above reason. In the present electrolytes, components are complicated in the formation of complex ion species in ternary or quarternary systems. It may be mentioned that the formation of the complex ions behaves to reduce the electrical conductivity significantly. From available works (3) (12) , the phase diagrams are indicative of the following complexes and their stabilities: and in the system of NaCl-KCl none.
In this conclusion, the complex of magnesium and potassium chlorides is more stable than that of magnesium and sodium chlorides. This is also shown by the measurements of emf of the chemical cell of magnesium chloride in electrolyte (13) which gives the activity of magnesium chloride in the solvent electrolyte of sodium chloride or that of potassium chloride. The negative deviation of activity of magnesium chloride in potassium chloride from an ideality is greater than that of magnesium chloride in sodium chlorhide. Therefore, it is also expected that the electrical conductivity can be explained by such a behavior.
According to the above consideration, the effect on the increase of the electrical conductivity of magnesium electrolyte is the strongest with NaCl, followed by CaCl2
and KCl in the order of magnitude. Interpreting this tendency, the Dow electrolyte is more advantageous than the I.G. electrolyte with respect to the electrical conductivity. I.G. electrolyte is very complicated from a point of view of the complex ion formation. On the other hand, it may be proposed that the conductivity is dependent upon the content of calcium chloride, which is so pronounced in reducing sodium chloride in electrolyte, but the density increases with increases in calcium chloride content.
As an example, a comparison of electrical conductivities and densities of the Dow, I.G., and present electrothe variation in specific conductivivty and density due to the supporting electrolytes; particularly CaCl2 does not include the variation in the composition of magnesium chloride, so that the isoline of the concentration of magnesium chloride should be drawn on the connecting line of A and 1 at about 10% MgCl2, B and 2 at 15% MgCl2, and C and 3 at 20% MgCl2. Therefore, the effect of calcium chloride and that of sodium chloride are found to be of the same composition of magnesium chloride. No clear phase relationship of groups 2, 3, and 4 with groups A, B, and C is present, but the electrical conductivity is almost of the same order of magnitude. When those groups are compared together, the electrical conductivity is reduced by the addition of calcium chloride to the same composition of magnesium chloride.
On the other hand, a decrease in the electrical conductivity of I.G. electrolyte is significant when calcium and potassium chlorides are added in a large amount.
A comparison of densities also shows a considerable effect of calcium chloride as shown in Fig.6 .
In conclusion, it should be noted that the natures of the Dow, I.G., and present electrolytes are characterized by the density and electrical conductivity measurements. The difference between Dow and LG. electrolytes can be seen from a point of view of the electrical conductivity and the density. The Dow electrolyte is characterized by the electrical conductivity while the I.G. electrolyte is characterized by the density. In the present proposal, one of electrolytes composed of 15wt% MgCl2 with 30 wt% CaCl2, and the remainder of NaCl exhibits good conductivity and density, compared with the Dow and I. G. electrolytes; the Dow electrolyte yields a small difference in density between magnesium and electrolyte, and the LG. electrolyte maintains low electrical conductivity during electrolysis.
